Introduction
Sicily is the largest island in the Mediterranean basin and has served as a meeting place for different populations. Archaeological data indicate that this largest Mediterranean island was initially peopled by hunter-gathers approximately 10 000 years BP. 1 Subsequent settlements may also have occurred prior to the transition to agriculture that began around 7000 years BP. During historical times, various ethnic groups that include Greeks, Phoenicians, Romans, Arabs and the Normans, left their legacy in Sicily.
Both the presence of genetic subdivision 2, 3 and its absence 4 have been reported in some analyses of classical polymorphism data. A more recent study using data from 9 autosomal microsatellite loci and 10 mitochondrial DNA (mtDNA) haplogroups (Hgs) reported a genetic differentiation consistent with that of other Mediterranean regions and correlated with longitude, although the causal underlying demography remained unclear. 5 Several hypotheses have been proposed to explain this heterogeneity. It could be traced back to pre-Greek times when the Sicani, the first inhabitants of the island, were pushed westwards by the arrival of Siculi from Italy (about 1200 BP). Alternatively, the origin of such differentiation could be attributed to the Greek colonization between 2750 and 2200 BP in the southeastern region versus the west that was settled by Phoenicians ( Figure 1a ). Preliminary studies of the Y-chromosome Hg composition showed that approximately 60% of the Sicilian Y-chromosome Hgs are Figure 1 (a) Geographical map showing the main colonies by Greeks (triangles) and Phoenicians (circles) in the Mediterranean (seventh to sixth also prevalent in southern Italy and Greece. 6 The presence of the lineage E3b1b-M81 in Sicily and Iberia reflects gene flows also from North Africa. 7 But while Greek surnames display east -west differentiation, 8, 9 the correlation of genetic diversification with longitude and the extent to which Greek colonization mediated gene-flow episodes remain still uncertain. Thanks to its haploid nature, Y-chromosome diversification is often highly correlated with geography. 10 Recently, many authors showed that Y-chromosome combination of Hgs and short tandem repeats (STRs) are highly informative about the origin of male specific lineages, because of the detailed haplotypes that can be obtained and their geographical specificity. 10 -13 In this paper, we evaluate the composition of Y-chromosome lineages using the combination of 33 biallelic markers and 12 STRs in samples coming from different areas of the island. We show diachronic genetic strata potentially linked to distinct historical colonization episodes within the Mediterranean basin. In addition, we estimate the extent of gene flow from both Greece and North Africa.
Materials and methods
A total of 236 samples from 9 different areas of Sicily were studied. Latitudes (N) and longitudes (E) of each area are summarized in Figure 2 .
Samples have further been grouped on the basis of historical and geographical criteria: western Sicily (WSI) includes 122 men from Trapani, Alcamo, Mazara del Vallo, Santa Ninfa and Caccamo; eastern Sicily (ESI) includes 114 men from Sciacca, Ragusa, Piazza Armerina and Troina. The partition reflects the history of the colonization occurred in the middle of the last millennium BC by the Greeks and the Phoenicians, who established their outposts in opposite parts of the island. We included Sciacca in the eastern part because of its ties to the important nearby Greek colony of Selinunte.
DNA extraction was carried out according to the phenol -chloroform protocol method. A set of 32 binary markers was tested, allowing us to assign the analysed Y chromosomes to Hgs. All polymorphisms have been previously reported. 13 -16 The presence of the Y Alu polymorphic insertion was tested as described elsewhere. 17 Genotyping was done by using the denaturing high performance liquid chromatography method proposed by Oefner and Underhill, 18 with a phylogenetic hierarchical approach. The V12, V13, V22 polymorphisms, defining Hgs E3b1a1, E3b1a2 and E3b1a3, have been analysed as described in Cruciani et al. 16 Data are referred to terminal mutation and according to the International Society of Genetic Genealogy nomenclature. The microsatellites DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393 and DYS385 A/B were analysed on all the samples.
The E3b1a-M78 and the J2-M172 chromosomes were also typed for DYS439 plus DYS460 and DYS445 respectively. 5 0 -Fluorescently labelled PCR products were electrophoresed on an ABI PRISM 310 Genetic Analyzer. Genotypes were assigned by using control DNA samples provided by L Roewer (Institute of Legal Medicine, Charité, Berlin) and self-made allelic ladders provided by GeneScan software (Applied Biosystems). The DYS389II (AB fragment) allele number was determined by subtracting the DYS389I (CD fragment) repeat number.
Nomenclature is according to Kayser et al, 19 with the exception of locus DYS389 where a monomorphic (TCTG) 3 motif is included in the repeat count thus uniformly increasing the repeat size by three. Gene diversity was calculated as described by Nei 20 using the Arlequin software (http://cmpg.unibe.ch/software/ arlequin3). The proportion of genetic variance due to differences within or between populations was hierarchically apportioned through the analysis of molecular variance (AMOVA) 21 included in the Arlequin software.
The admixture analysis code Admix2_0 was used to compute the estimators mY initially described in Bertorelle and Excoffier. 22 The analysis was performed on E3b1b-M81 
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The phylogenetic relationships were represented by the method of reduced median networks using the reduced median algorithm (r ¼ 2), 24 followed by the median-joining algorithm (e ¼ 0). 25 The Network 4. 
Results and discussion

Haplogroups analysis
The 236 Y chromosomes are assigned to 24 different Hgs. Table 1 shows the Hg frequencies within the western and eastern regions as well as within each of the nine sampling locations.
Haplogroups common both to the European and Eurasian populations are present in Sicily. The most represented are R1b1c-M269 (24.58%), J2-M172 (15.25%) and E3b1a-M78 (11.44%). The co-occurrence of the Berber E3b1b-M81 (2.12%) and of the Mid-Eastern J1-M267 (3.81%) Hgs together with the presence of E3b1a1-V12, E3b1a3-V22, E3b1a4-V65 (5.5%) support the hypothesis of intrusion of North African genes. 7, 12 Haplogroup R1b1c-M269, the most frequent Y-chromosome Hg in Europeans, is differentially distributed among eastern (18.4%) and western (30.3%) areas of Sicily. The Levantine Hgs 7, 12 spread is also very informative: E3b1a-M78, G2-P15 and J2-M172 show frequencies (0.22, 0.32, 0.33), respectively. E3b1a2-V13 is present in both WSI (6.5%) and ESI (5.3%), whereas G2-P15 and J2-M172 are non-randomly distributed, occurring at higher frequencies in the eastern areas of the island (bar chart on the right of Figure 2 where E3b1a-M78 is reported without sub-Hgs). Similarly, we could assign the 52% of the E3b1a-M78 chromosomes to E3b1a2-V13 that shows a clinal pattern of frequency distribution from the southern Balkan Peninsula (19.6%) to western Europe (2.5%) 12 and is characterized by the otherwise rare nine-repeat allele at DYS460 locus. In total, 48% of the E3b1a-M78 chromosomes in Sicily belongs to Hgs E3b1a1-V12, E3b1a3-V22 and E3b1a4-V65. These Hgs are common in northern Africa and are observed only in Mediterranean Europe 12 and together the presence of the E3b1b-M81 highlights the genetic relationships between northern Africa and Sicily. Furthermore Q-P36-or M242-derived chromosomes also detected significant similarities between Sicily (2.54%) and Lebanese populations (1.53%). We assessed the relative contributions of the North African and Greek genes into the Sicily genetic pool by an admixture analysis, using Hg E3b1b-M81 for North Africa and E3b1a2-V13 for Greece. The estimated contribution resulted 6% for North Africa and 37.3% for Greece.
A high degree of gene diversity (0.904±0.011) has been calculated from this distribution of Hgs in Sicily (calculated using Table 1 ).
Microsatellite analysis
On the basis of the loci DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393 and DYS385 A/B, 158 different haplotypes are observed in Sicily. These loci form the core set included in the YHRD Database. 32 Extended search in this database (which currently reports 52 655 haplotypes in a worldwide set of 464 populations) shows that the allelic frequencies in the Sicilian sample and Europeans do not differ significantly, with the exception of the DYS391 locus: in Sicily, the nine repeat allele occurs at a frequency of 11.7%, whereas it is very rare elsewhere in Europe; on the other hand it occurs in Tunisia at a frequency of 40%. 23 The DYS445 microsatellite that normally shows an allele of 11 -12 repeats has been observed with a deletion (only six repeats are present) in the J2 Hg. Such a deletion can be used as a stable unique event polymorphism defining a new subclade within J2a1, which has been named J2a1k. 33 The DYS445-6 deletion is present in Greece (from 1.8 up to 3.5%) and in Crete (3.1%). 29 Interestingly enough this DYS445-6 deletion is present in 46.67% of the J2 chromosomes in WSI against in 28.57% of the J2 chromosomes in ESI. In northern Italy about the 50% of the J2 chromosomes show the deletion, whereas in the southern Italy its frequency decreases (AP personal communication). Our data suggest that the presence of the DYS445-6 deletion is not due to the Greek colonization but it rather spread into the Mediterranean with the arrival of first farmers.
Lineage analysis
The combined evaluation of Hgs and STRs haplotypes provides clearer insights about the genetic structure of this island. Of the 181 different observed lineages 152 are unique, whereas 29 are observed more than once (Supplementary Table S1 ).
We have focused the analysis on the STRs haplotypes associated to E3b1a2-V13 and E3b1b-M81 chromosomes to investigate possible analogous backgrounds. Here we report on the STRs haplotypes with alleles taken from the following set of seven loci: DYS19-DYS389I-DYS389II-DYS390-DYS391-DYS392-DYS393.
Haplogroup E3b1a2-V13 shows a gene flows into Sicily from Greece and, more generally, from the southern Balkan Peninsula. The main haplotype related to this Hg, named southern Balkan Modal Haplotype, is defined by the allelic combination 13-13-30-24-10-11-13. This allelic combination belonging to V13 is common in Continental Greece 11.7%, Crete 3.62% 29 and Albania (AP unpublished data).
In Figure 1b we analysed the distribution of ht 13-13-30-24-10-11-13 using data from this study data from 15, 23, 29, 30 and data from YHRD.
It is also worth to note the presence of the Maghrebin haplotype 13-14-30-24-9-11-13 in Sicily (Figure 1c) , which is associated to the E3b1b-M81 Hg, indicating a microsatellite background affinity with Tunisia where this lineage occurs at a frequency of 10%. 23 The genetic relationships among the different populations involved in the history of the island are further explored by median-joining network analysis of the HgE using 5 STRs DYS19, DYS389I, DYS390, DYS391, DYS392. In Figure 4 , the network subset that reports the chromosomes related to Hg E3b1a-M78 shows that Sicily and southeastern Europe, especially Greece and Albania, share a common background. Similarly, Hg E3b1b-M81 network cluster confirms the genetic affinity between Sicily and North Africa. These Y-chromosome lineages are consistent with the hypothesis that migrants from these different regions contributed to the genetic stratification of Sicily.
Estimating TMRCA for E3b1 a2-V13 modal haplotype in the Mediterranean basin The STRs haplotypes within Hg E3b1a2-V13 found in our Sicilian samples were merged with data from recent literature using the following microsatellites: DYS19, DYS391, DYS393, DYS439, DYS460.
We used populations from Cruciani et al 12 (Sicilian, Continental Greek, Albanian, Greek from Crete, Greek from Aegean Islands, southwestern Turkish, southeastern Turkish, Turkish Cypriot, Central Anatolian) to obtain a homogeneous sample that could allow for tracing typical haplotypes and for dating TMRCA. Overall, we obtained 123 unrelated male subjects. The 14 Sicilian samples out of these turned out to be tightly clustered around haplotype 13-10-13-12-9 and its one-step neighbours. Assuming the Sicilian Most Recent Common Ancestor had this modal haplotype and a male intergeneration time of 25 years, using the Ytime software we estimate a mean TMRCA of about 2380 years before present (CI: 675 to 6940 years).
Conclusions
As reviewed in the Introduction, Sicily has been subject to many different colonization episodes during pre-historical and historical times. The internal STR stratification of the E3b1a-M78 Hg reveals a certain amount of population structuring in the island, which is consistent with the successive presence of several different human populations. Specifically, some signatures of gene flows from Greece and from northern Africa can be identified.
The lineage E3b1a2-V13 13-13-30-24-10-11-13, which is typical of the Greek and southern Balkan regions, is present in the eastern side of the island and, together with the more general presence of the E3b1a2-V13 lineages, supports the presence of a common genetic heritage shared by the Sicilians and the Greeks. The TMRCA estimate of 2380 years BP, based on the STR lineages of the same E3b1a2-V13 Hg, coincides with the peak of the Greek classic era in Sicily, even if the very wide CI -a common result in such a kind of time estimates -however, we cannot exclude alternative hypotheses, for example an earlier arrivals of some of the E3b1a2-V13 chromosomes in Sicily from neolithic farmers. We found a homogenous distribution of the E3b1a2-V13 marker over the island, which suggests an impact of the Greek colonization so impressive as to create a uniform stratum across Sicily. The Hg E3b1a2-V13 is estimated to contribute to the Sicilian gene pool by a fraction reaching 37%.
These data are compatible with the hypothesis that the largest historical demographic impact on Sicilian population was by the Greek settlers. A non-trivial question to raise for making this interpretation more plausible is whether the Greek colonies were of such size to lead to the diffusion of their genes. Because of the privileged position of Greece as 'the door' from the Near East to the Mediterranean, by the end of the Bronze Age the average density of the population was higher in Greece than in Europe by a factor of 3:3.7 inhabitants per square kilometre. 34 Between 1000 and 400 BC, the population doubled in Europe, increasing from 10 to 20 million. In the same period the population trebled in Greece, reaching a total of 3 million. Around 400 BC Italy, the second most densely populated country in Europe after Greece, had about 4 million people. 34 The Greek colonies of Sicily alone accounted for 1.5 million people, of which more than 10% (about 200 000) were of Greek origin. 34, 35 To these Greek inhabitants of Sicily may be added at least another 100 000 Greek colonizers in southern Italy, so that before the Roman period, one in every 10 -13 inhabitants in southern Italy was Greek. 35 Admittedly these estimates must be taken with caution; however, their order of magnitude does not contradict the hypothesis of a possible introduction of Y lineages associated with Greek migration in ESI and in southern Italy. The Hg E3b1b-M81, widely diffused in northwestern African populations, is estimated to contribute to the Sicilian gene pool at a rate of 6%. The distribution of E3b1b-M81 chromosomes in Africa closely matches the areas of distribution of Berber speaking populations, suggesting close Hg-ethnicity specificity. Interestingly, haplotype 13-14-30-24-9-11-13, associated to the E3b1b-M81 chromosomes, 23, 36 is also present in Sicily. On the basis of the YHRD database, this haplotype occurs with high frequency in the Berber population of Tunisia, whereas it is less common elsewhere in North Africa.
23,37
The co-presence in Sicily of this haplotype and of the E3b1a1-V12, E3b1a3-V22, E3b1a4-V65 and J1-M267 Hgs could be attributed to the gene flows occurred during several trans-Mediterranean migrations from Africa, including the Arab invasion by sea. 7, 12 The frequency of the R1b1c-M269 Hg, particularly high in some samples of WSI, is another interesting feature of the Sicilian paternal gene pool. This could be the legacy of the chromosomes coming from other parts of Europe. Moreover, Hgs I-M170, I1a-M253 and I1b2a-M223 are more represented in the northwestern area of the island than in the eastern area. Equally noteworthy is that the J2 chromosomes in WSI are also DYS445-6.
These differences lead us to a discussion of the genetic heterogeneity between areas of ESI and WSI. Such heterogeneity was previously emphasized on the study of the haemoglobinopathies, 38 non-DNA polymorphisms, 2 the autosomal microsatellites 5 and surnames. 8 In the present research, such heterogeneity is confirmed by the significantly different distribution of the frequencies of the main Hgs HgE, HgJ, HgI, HgG, R1b1c-M269 and R1a1-M17 and by the results from principal component analysis of such frequencies when compared to those from other parts of southern Europe and the Mediterranean, but weakly supported by a more sophisticated AMOVA analysis. This result is likely to be the effect of the contribution of different populations and repeated founder effects and it highlights the complex histories of settlement in this island.
The general heterogeneous composition of Hgs seen in our Sicilian data is consistent with similar patterns observed in other major islands of the Mediterranean, like Sardinia (gene diversity 0.801±0.010 SD on 939 samples using 23 Hgs) 39 and Crete 29, 40 (gene diversity 0.926±0.0006 SD on 193 samples using 29 Hgs), 29 possibly reflecting the complex histories of settlements in these islands during the Holocene (Supplementary Table 1 ).
